








1 Communal metabolism by Methylococcaceae and Methylophilaceae 
 
2 is driving rapid aerobic methane oxidation in sediments of a 
 





























































































































































































































































































































147 Activity of methanotrophs in microcosms and estimation of the benthic 
 







































































































































































































































































































































































































































































































































































































413 Experimental Procedures 
 























































































































































































































































































































































































































































































































































































































































































































Figure 1: Methane consumption in microcosms with sediment from the Elba methane seep. Values 
given are the cumulative amount of methane consumed in the microcosms. Separate averaged values for 
microcosms with 12C-methane and microcosms with 13C-methane are depicted by cross and diamond 
symbols, respectively. Error bars indicate standard deviation. Arrows indicate time points of methane 
addition. Brackets display the amount of methane (% headspace, v:v) of each addition and number of 
























































Figure 2: 13C incorporation into peptides of different bacterial taxonomic groups. Values depict (A) 
the 13C relative isotope abundance (RIA), i.e., the amount of carbon replaced by 13C, and (B) the labelling 
ratio, i.e., the abundance of 13C-labelled compared to unlabelled molecules, of peptides specific to the given 
taxonomic groups after incubation of sediment for 25, 45 and 65 days with 13C-methane. Values are based 






























































Figure 3: Functional classification of identified peptides. The numbers of peptides affiliated to 
different enzymes and pathways of different functional categories relevant for C1 metabolism are shown. 
Colors depict the taxonomic distribution of the peptides in each functional category based on the lowest 
common ancestor of each peptide. Peptide identification is based on metaproteomics analysis of samples 
from microcosms with 12C-methane of all three time points (n = 6). The peptides were identified using NCBI 
nr and the metagenome-assembled genomes obtained in this study as reference databases. MMO: methane 
monooxygenase, MDH: methanol dehydrogenase, FAE: formaldehyde-activating enzyme, H4MPT: 
tetrahydromethanopterin pathway for formaldehyde oxidation, THF: tetrahydrofolate pathway for 
formaldehyde oxidation, glutathione: glutathione pathway for formaldehyde oxidation, formate DH: formate 
dehydrogenase, RuMP: ribulose monophosphate pathway, based on the key enzymes 3-hexulose-6- 
phosphate synthase and 3-hexulose-6-phosphate isomerase. For the serine cycle, the key enzymes 
hydroxypyruvate reductase, glycerate 2-kinase, malate thiokinase, malyl coenzyme A lyase, isocitrate lyase 
and crotonyl-CoA reductase were taken into account. For the Calvin cycle, the key enzyme ribulose-1,5- 










































































Figure 4: Phylogenetic affiliation of the key methanotrophs and methylotrophs identified at the 
Elba methane seep. (A) Phylogenetic tree representing key methanotrophs, based on a concatenated 
amino acid alignment of 36 single copy marker genes with a total of 6 329 positions. Only metagenome- 
assembled genomes (MAGs) related to Methylococcaceae with at least 50% completeness are shown. 
Pseudomonas oryzae (Pseudomonadales) was included as an outgroup to root the tree. (B) Phylogenetic 
tree representing key methylotrophs, based on a concatenated amino acid alignment of 94 single copy 
marker genes with a total of 21 475 positions. Only MAGs related to Methylophilaceae with at least 35% 
completeness are shown. Sulfuricella denitrificans (Gallionellaceae) was included as an outgroup to root the 
tree. Both trees were inferred with the Approximately-Maximum-Likelihood approach of FastTree using the 
JTT-CAT model for amino acid evolution, local support values were calculated using the Shimodaira- 




















































Figure 5: Conceptual overview of communal methane metabolism at the Elba seep. The character C 
in red indicates methane-derived carbon. OC: organic carbon compounds released from the primary 
methane utilizing community of Methylococcaceae and Methylophilaceae. *Methane consumption of the 
microbial community estimated based on average consumption rates in microcosms from this study. 






























































































T2.024_T3.008 100 1.7 3683201 376 34899 93907 44.2
T1.009_T2.004_T3.006 83 0.0 2300148 655 4880 22077 41
T1.003_T2.003_T3.002 83 1.7 3077222 293 75471 205488 45.4
T2.010 79 12.9 2913017 643 6449 30650 43.2
T3.010 70 1.7 1589959 663 2776 11559 39.9
T1.027_T2.045 54 0.0 2190210 498 6013 23572 50.7
T1.007_T2.016_T3.009 48 21.9 2527797 1237 2234 22330 46.4
T1.019_T2.038 44 10.0 890090 349 3371 21537 41
T1.030 32 0.0 555941 75 11159 37635 43.5
T1.008 28 0.0 1494445 617 3100 17312 40
T2.043 22 0.0 362264 189 2000 6705 43.8
T3.014 19 0.0 758301 465 1669 5485 42.2
T2.026 18 0.0 717869 348 2219 9852 42.4
T1.022 17 1.9 412297 304 1307 3810 40.5
T2.011 17 3.5 444422 193 2739 15981 45
T1.002 13 1.7 389904 210 1836 8026 45.4
T2.056 12 0.0 433371 233 1946 5949 41.5
T1.005 12 1.7 357089 217 1700 5296 42.9
T2.027 90 7.6 1688246 192 19805 82017 43.8
T2.008_T3.001 84 8.6 2242488 316 40778 107604 44.5
T2.019 36 0.0 1151259 154 18334 44712 45.4
T2.058 20 0.0 313978 123 2860 10416 44.3
T2.018 16 0.0 672373 229 3746 22975 44.5
T2.053 8 2.7 237367 104 2715 8566 44.5
T2.009 91 0.0 2013842 46 107948 212351 54.8 Rhodobacterales
T2.007 88 0.0 2945199 280 15984 62688 57.7 Rhodobacterales
T2.006_T3.003 71 1.7 3450492 222 63712 159910 56.7 Rhodobacterales
T2.015 57 0.3 2302051 202 19356 68546 59.1 Hyphomonadaceae
T2.014 47 1.7 1805201 302 10348 38924 58.2 Rhodobacterales
T2.023 45 7.5 1925340 1179 1653 8054 54.3 Alphaproteobacteria
T2.054 42 0.0 1519802 590 3097 12667 50.4 Alphaproteobacteria
T3.011 36 0.0 1629932 595 3299 11661 57.4 Hyphomonadaceae
T1.014 35 0.0 826762 285 3403 12803 49.6 Rhodobacterales
T2.029 25 1.0 1825719 1003 1936 7230 56.9 Labrenzia
T1.018 18 3.8 803406 573 1353 4436 57.9 Hyphomonadaceae
T1.016 17 0.0 1413249 817 1778 10583 57.9 Rhodobacterales
T2.033 13 3.5 251432 198 1245 2899 58.2 Alphaproteobacteria






























































































































































































































































































T2.024_T3.008 3 / 3 0 0 1 / 1 3 / 14 0 / 3 0 3 / 3 0 / 4 0
T1.009_T2.004_T3.006 2 / 5 0 1 / 1 3 / 14 0 / 2 0 / 2 2 / 4 0 / 4 0
T1.003_T2.003_T3.002 1 / 8 0 1 / 1 1 / 9 0 / 3 0 / 1 1 / 1 1 / 2 0 / 4 0
T2.010 0 / 6 0 0 1 / 21 0 / 4 0 / 2 0 / 1 1 / 1 0 / 7 0
T3.010 0 0 0 2 / 9 0 / 1 0 / 1 0 / 3 0
T1.027_T2.045 0 / 2 0 1 / 1 1 / 8 0 / 3 0 / 1 2 / 2 0 / 1 0
T1.007_T2.016_T3.009 0 / 7 0 0 1/ 23 0 / 9 0 / 1 0 / 3 0 / 1 0
T1.019_T2.038 0 2 / 2 0 / 9 0 / 1 0 / 2 0
T1.030 0 0 0 0 / 3 0
T1.008 1 / 1 0 1 / 1 0 / 1 0 / 1 0 0 / 3 0
T2.043 0 0 0 / 2 0 0
T3.014 2 / 4 0 0 0 0 / 4 0 / 1 0 0 / 3 0
T2.026 0 0 1 / 5 0 / 2 0 0 / 2 0
T1.022 0 / 1 0 0 0 / 2 0 / 1 0 / 1 0 / 4 0
T2.011 0 / 9 0 0 0 / 5 0 / 1 0 / 1 0
T1.002 3 / 4 0 0 0 / 3 0 0
T2.056 0 0 0 0 / 2 0 / 1 0 0
T1.005 1 / 3 0 0 0 / 1 0 0
T2.027 0 1 / 1 1 / 9 0 / 3 0 / 1 0 / 3 0
T2.008_T3.001 0 2 / 4 0 / 7 0 / 3 0 / 1 2 / 3 0
T2.019 0 0 / 1 0 / 7 0 / 2 0 / 2 0 / 1 0
T2.058 0 0 0 / 1 0 0
T2.018 0 0 0 / 3 0 / 3 0 / 1 0
T2.053 0 2 / 2 1 / 4 0 / 1 0 / 1 0
T2.009 0 0 0 / 2 0 / 1 0 0 / 3 0
T2.007 0 0 0 / 3 0 / 2 1 / 2 0 / 7 0 / 1
T2.006_T3.003 0 0 0 / 3 1 / 3 0 0 / 12 0 / 1
T2.015 0 0 0 / 2 0 / 2 0 1 / 5 0
T2.014 0 0 0 / 2 0 / 2 0 / 1 0 / 3 0
T2.023 0 0 0 / 2 0 / 2 1 / 3 0 / 3 0
T2.054 0 0 0 / 2 0 / 2 0 / 1 0 / 1 0
T3.011 0 0 0 / 1 0 / 3 0 0 / 4 0
T1.014 0 0 0 0 / 1 0 0 / 1 0
T2.029 0 0 0 / 2 0 / 2 2 / 2 0 / 2 0
T1.018 0 0 0 / 1 0 / 3 0 0 / 5 0
T1.016 0 0 0 / 2 0 0 / 3 0
T2.033 0 0 0 0 / 1 0
T1.015_T2.022 0 1 / 1 1 / 1 1 / 3 0 0 / 2 0
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